The activities of glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) and 6-phosphogluconate dehydrogenase (6PGDH, EC 1.1.1.44) were found to increase in suspensioncultured Arabidopsis thaliana cells after 10-day-old stationary phase cells were transferred to fresh Murashige-Skoog medium. The activities of these enzymes peaked early in the exponential growth stage of the culture (day 4) and then decreased gradually. The transcript levels of six isoform genes of G6PDH (AtG6PD1 to AtG6PD6) and three of 6PGDH (At6PGD1 to At6PGD3) were monitored during the culture. Two distinct transcript accumulation patterns were observed. In type A, the level of transcripts increased rapidly one day after the cells were inoculated into the fresh medium, and then remained almost constant until the culture reached its stationary phase (day 7). In type B, the transcripts were accumulated transiently at the first day after cell inoculation, then promptly decreased. We also investigated the effect of phosphate (Pi)-starvation and recovery on the expression of these genes. For this, the early stationary phase cultures (day 7) were transferred to fresh Pi-free culture medium. During 7 days of phosphate starvation, no growth of cultures was observed, and the transcript levels of all G6PDH and 6PGDH isoform genes were reduced, apart from one G6PDH isoform gene, AtG6PD5, which was continuously expressed throughout Pi-starvation. Compared to the reduction of almost all isoform genes of G6PDH in Pi-starved cultures, the reduction of 6PGDH genes was less severe. We discuss the localization and possible role of individual isoform genes of G6PDH and 6PGDH in connection with published databases.
Introduction
The oxidative pentose phosphate (PP) pathway is one of the most important pathways in plant carbohydrate catabolism (Copeland and Turner, 1987; Turner and Turner, 1980) . One role of this pathway is the generation of NADPH for the use in nitrate reduction and in various reduction reactions including biosynthesis of fatty acids, amino acids and many secondary metabolites (Agrawal and Canvin, 1971; Pryke and ap Rees, 1977; Sarkissian and Fowler, 1974) . The pathway also provides building blocks for biosyntheses (Ashihara and Komamine, 1975; Ashihara and Matsumura, 1977) , especially ribose-5-phosphate for the biosynthesis of nucleotide-related compounds and erythrose-4-phosphate for the biosynthesis of aromatic compounds; these compounds are also provided by the non-oxidative seg-0939Ð5075/2008/0900Ð0713 $ 06.00 " 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D ment of the pathway (Hirose and Ashihara, 1984) . Glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) and 6-phosphogluconate dehydrogenase (6PGDH, EC 1.1.1.44) are involved in the oxidative steps of the pathway, and are committed enzymes for the control of the activity of the PP pathway Komamine, 1974a, 1976; Turner and Turner, 1980) .
In earlier papers, we reported the regulation and function of the PP pathway in plant cells, using suspension-cultured Catharanthus roseus cells. Studies include changes in the activity of the pathway during growth (Kanamori et al., 1979) , the effect of short-and long-term phosphate (Pi)-starvation on this pathway (Li and Ashihara, 1990; Nagano and Ashihara, 1993) , the relation between the PP pathway and nucleotide synthesis (Hirose and Ashihara, 1984) , and properties of 6PGDH (Ashihara et al., 1989; Ishida and Ashihara, 1993) .
Genome sequences of Arabidopsis thaliana are fully determined (The Arabidopsis Genome Initiative, 2000) , so that further investigation of this topic at the gene expression level uses suspensioncultured A. thaliana cells. In the present study, we used a similar culture system of A. thaliana, and monitored changes in the activity of G6PDH and 6PGDH in cell extracts and the expression of genes of various isoforms of these enzymes during the culture. The effect of long Pi-starvation and of re-addition of Pi upon the activity and expression of these genes was also examined. Based on the results, we will discuss the role of the isoforms of G6PDH and 6PGDH.
Materials and Methods

Plant material
Suspension-cultured cells of Arabidopsis thaliana, accession Columbia (strain T87), were obtained from the Experimental Plant Division of the Riken Bioresource Center, Tsukuba, Japan. For the growth experiments, the cells were subcultured at 10-day intervals in complete MS medium (Murashige and Skoog, 1962) containing 1 μm naphthaleneacetic acid and 1.5% sucrose. For the preparation of Pi-deficient cultures, 5 ml of the suspension from 7-day-old cultures were transferred to 45 ml aliquots of the Pi-free culture medium in 300-ml Erlenmeyer flasks. The flasks were then incubated on a horizontal rotary shaker (120 strokes min Ð1 , 80 mm amplitude) at 25 ∞C in the dark.
Determination of G6PDH and 6PGDH activity
A. thaliana cells were harvested and washed with distilled water by vacuum filtration through a layer of Miracloth (Calbiochem, La Jolla, CA, USA) on a Buchner funnel. The washed cells (ca. 1 g fresh weight) were homogenized in a glass homogenizer with 10 volumes of extraction medium consisting of 50 mm tris (hydroxymethyl) aminomethane (Tris)-HCl buffer (pH 7.5), 2 mm NaEDTA, and 2.5% (w/v) polyvinylpolypyrrolidone. The homogenates were centrifuged at 12,000 ¥ g for 20 min at 2 ∞C. A portion of the supernatant (2.5 ml) was desalted on a pre-packed Sephadex G-25 column (PD-10, GE Healthcare Bioscience Ltd., Tokyo, Japan) which had been equilibrated with the extraction buffer.
The activities of G6PDH and 6PGDH were determined by the method of Glock and McLean (1953) . The reaction mixture contained 25 mm Tris-HCl buffer (pH 7.5), 0.2 mm NADP + , 15 mm MgCl 2 , and either 2 mm G6P plus 0.5 mm 6PG or 0.5 mm 6PG, and finally the enzyme preparation. The G6PDH activity was calculated as the difference between the activity measured with 0.5 mm 6PG and that measured in the presence of 2 mm G6P plus 0.5 mm 6PG.
Semi-quantitative RT-PCR
Total RNA was extracted from cells of A. thaliana at various stages of growth. The samples (ca. 1 g) were ground to a powder in liquid nitrogen, and transferred to a 15-ml tube containing one volume of extraction buffer (0.1 m Tris-HCl, pH 8.0; 0.1 m EDTA; 0.1 m LiCl; 1% SDS) preheated at 60 ∞C. Following the addition of one volume of citrate buffer (0.1 m, pH 4.3)-saturated phenol (preheated at 60 ∞C) and one volume of chloroform/isoamyl alcohol (24 : 1; Sigma-Aldrich Co., St. Louis, MO, USA), the sample was mixed and centrifuged. The aqueous phase was precipitated with one volume of phenol/chloroform/isoamyl alcohol (25 : 24 : 1), then mixed and centrifuged. The aqueous phase was precipitated with one volume of chloroform/isoamyl alcohol (24 : 1), then mixed and centrifuged. The aqueous phase was precipitated with one volume of 4 m LiCl overnight at 4 ∞C. After centrifuging, the resulting pellet was collected and rinsed in 70% ethanol. Following airdrying, the RNA preparation was re-suspended in diethylpyrocarbonate (DEPC)-treated water. The total RNAs obtained were further treated with DNase I (Promega, Madison, WI, USA). DNAfree total RNA was used for first strand cDNA synthesis. The reaction mixture (50 μl) contained 62.5 units of MuLv reverse transcriptase (Applied Biosystems, Foster City, CA, USA) and 1 μm oligod(T)16. The PCR reaction mixture (25 μl) contained 40 ng cDNA and 12.5 μl GoTaq Green mastermix (Invitrogen, Carlsbad, CA, USA). 25Ð35 cycles were carried out with the following program: 95 ∞C for 1 min, 55 ∞C for 1 min and 72 ∞C for 1 min. The reaction product was visualized by UV light on 2% agarose gels stained with ethidium bromide, using a luminescent image analyzer (LAS-3000, Fuji Film, Tokyo, Japan).
The primer sequences of G6PDH isoform and actin genes used were the same as those described by Wakao and Benning (2005) . The primers for 6PGDH isoform genes were designed using the Primer 3 program (http://frodo.wi.mit. edu/cgi-bin/ primer3/primer3 www.cgi).
The primers of 6PGD used in this work were as follows: At6PGD1 (At1g64190): 5Ј-CCAA-AACCTCGCCTTAAACA-3Ј and 5Ј-GGCTCC-ATGTATTCGGAGAA-3Ј; At6PGD2 (At3g02-360): 5Ј-CTCTCTTGATGCGAGGTTCC-3Ј and 5Ј-ATCCCCACCCCTTTTCTATG-3Ј; At6PGD3 (At5g41670): 5Ј-TTATCAGGGCGGTTTTCTTG-3Ј and 5Ј-TAGCACGCCTGTAAGTGTCG-3Ј. 
Results
Changes in the activities of G6PDH and 6PGDH during growth
The growth of the suspension culture of A. thaliana and changes in the activity of G6PDH and 6PGDH during culture are shown in Fig. 1 . Approx. two days after the cell transfer to fresh medium, the fresh weight of the cultures increased exponentially and plateaued after seven days. The activities of G6PDH and 6PGDH expressed as nkat per g fresh weight (FW) increased rapidly just after the inoculation of 10-day-old cells into the fresh medium. The activities increased up to day 4, then decreased to almost the same value as the initial values at day 10.
Changes in the expression of genes encoding G6PDH and 6PGDH during culture
The A. thaliana database records six genes (G6PD1ÐG6PD6), encoding G6PDH, and three genes (6PGD1Ð6PGD3), encoding 6PGDH (Table I). Using these gene sequences, we examined changes in the transcript levels of these genes in A. thaliana cells during the culture as shown in Fig. 2 . The results indicate that transcript levels change during growth of the cell cultures. For G6PDH genes, the levels of transcripts of all genes except AtG6PD4 were low at day 0 and increased markedly at day 1, then gradually decreased. Two different patterns of change were found after day 1, designated as types A and B. In type A isoform genes, the transcript levels were almost constant up to the early stationary phase (day 7) and then decreased. In contrast, in type B genes, the levels decreased immediately from day 1. Changes in the pattern of transcript levels of 4 of 5 G6PDH isoform genes were involved in these two types, but the pattern of AtG6PD4 was different from the others. In intact plants of A. thaliana, AtG6PD4 does not encode for a functional G6PDH (Wakao and Benning, 2005) .
The levels of transcripts of the three isoform genes encoding 6PGDH are also shown in Fig. 2 . The transcript level of the three 6PGDH isoform genes also increased one day after transfer of cells to fresh medium. The changing pattern of the levels of At6PGD1 and At6PGD3 were similar to type A of G6PDH. The pattern of At6PGD2 resembled type B isoforms.
Changes in the activities of G6PDH and 6PGDH during Pi-starvation and recovery
Fig . 3A shows the culture system for this experiment. The early stationary phase (7-day-old) cells of a stock culture of A. thaliana were transferred to fresh MS medium containing 1.25 mm Pi (+ Pi medium) for seven days. To prepare Pi-deficient Fig. 3 . Effect of Pi-starvation and recovery on (A) the growth and (B) the activities of G6PDH and 6PGDH in cultured A. thaliana cells. The early stationary cells (7 days old) were transferred to the complete MS medium. Seven days after culture, a portion of the cell culture was transferred to fresh MS medium, excluding 1.25 mm Pi (day 0), and was further cultured for 7 days (day 7). After that, 250 μl of 250 mm Pi (final concentration was 1.25 mm) were added, and the cells were cultured for one day (day 8). Mean values and SD are shown. cells, the 7-day-old cells grown in the complete MS medium were transferred to the fresh Pi-free MS medium. During Pi-deficiency, no growth of cell cultures was observed. When Pi was added to the Pi-deficient culture, the cells began to grow with no lag interval (Fig. 3A) . The cells appeared to be resting during Pi-starvation, and re-started growth as soon as Pi was supplied to the culture medium. The effect of Pi on the growth of A. thaliana cells is similar to that observed for C. roseus (Nagano and Ashihara, 1993; Yin et al., 2007) . The activities of G6PDH and 6PGDH, respectively, decreased to 42% and 67% of their initial activities after seven days of Pi-starvation. After one day of Pirecovery, these activities had increased to their initial level (Fig. 3B) .
Changes in the expression of G6PD and 6PGD genes during Pi-starvation and recovery
Gene expression of all isoform genes of G6PDH, except AtG6PD5, was reduced seven days after the cells had been transferred to the Pifree medium (Fig. 4) . The transcript level of AtG6PD1 was greatly reduced in Pi-deficient cells. One of the cytosolic isoforms, AtG6PD5 was expressed at its initial level even in the Pi-deficient cells. The transcript level of AtG6PD4 did not increase after addition of Pi. As mentioned above, this gene does not encode for a functional G6PDH (Wakao and Benning, 2005) . The transcript level of three isoforms of 6PGDH decreased during Pistarvation, although compared to most isoform genes of G6PDH the rate of reduction of three At6PGD was not so severe. The levels increased one day after addition to Pi (Fig. 4) .
Discussion
G6PDH and 6PGDH are important enzymes in the PP pathway for the generation of NADPH, especially in non-photosynthetic tissues (Copeland and Turner, 1987; Turner and Turner, 1980) . Localization of isoforms of these enzymes in cytosol and plastids has been clearly demonstrated (Tobin and Bowsher, 2005) . The activities of G6PDH and 6PGDH are inhibited by NADPH and some metabolites Ashihara and Komamine, 1974b; Lendzian and Bassham, 1975) , and plastidic isoforms of G6PDH are inactivated by thioredoxin reduction (Lendzian, 1980; Scheibe and Anderson, 1981) . Recently, genomic information on G6PDH and 6PGDH in A. thaliana has been obtained. Furthermore, localization of isoforms of G6PDH was estimated from the presence or absence of transit peptides, and the kinetic properties of each isoform were determined using recombinant enzymes (Table I, Wakao and Benning, 2005) .
We found that the changing profiles of the activity of G6PDH and 6PGDH during the growth of A. thaliana cell cultures are similar to observations on a suspension culture of C. roseus (Ishida and Ashihara, 1993) , although the rate of increase in the C. roseus cultures after inoculation was much greater. Three isoforms of G6PDH, namely AtG6PD1, AtG6PD2 and AtG6PD3, are plastidic enzymes, and two isoforms, AtG6PD5 and AtG6PD6, are cytosolic enzymes (Table I) . Among plastidic isoforms, the levels of AtG6PD2 and AtG6PD3 transcripts were greater than for AtG6PD1 transcripts. In tissue-specific expression studies it was found that AtG6PD2 and AtG6PD3 are expressed mainly in roots and grouped as P2 isoforms (Tobin and Bowsher, 2005) , but AtG6PD1, which is involved in the P1 isoform, was expressed only in above-ground parts (leaves, buds and flowers) of A. thaliana (Wakao and Benning, 2005) . Our suspension culture of A. thaliana was grown heterotrophically, so that the expression of AtG6PD1 was probably lower than those of AtG6PD2 and AtG6PD3.
The expression of plastidic AtG6PD3 and cytosolic AtG6PD5 is almost constant during the lag, exponential and early stationary growth phases (type A). In contrast, plastidic AtG6PD2 and cytosolic AtG6PD6 are exclusively expressed on the first day after cell transfer to new medium (type B). The different expression pattern for the latter group of genes suggests that transcriptional control is involved in controlling the PP pathway. It is not known what kind of inducers are involved in the expression of type B genes. A possible candidate in the fresh medium is NO 3 -. Redinbaugh and Campbell (1998) reported that accumulation of transcripts of plastidic isoforms of 6PGDH was transiently increased in maize roots with KNO 3 treatment.
In contrast to G6PDH, intracellular localization of 6PGDH from the genome database (Table I) is not consistent with biochemical data. The Institute for Genomic Research (Tair) database (http:// www.arabidopsis.org/) suggests that At6PGD1 and At6PGD2 are located in the endomembrane system, and At6PGD3 is located in mitochondria. However, localization of 6PGDH isoforms in plastids and the cytosol is well established by the isolation of organelles Debnam and Emes, 1999; Ishida and Ashihara, 1993; Krepinsky et al., 2001; Redinbaugh and Campbell, 1998) . Consequently, the localization of 6PGDH isoforms which encode At6PGD1 to At6PGD3 is still unknown. As with G6PDH genes, two different expression patterns were also found.
Using cultured C. roseus cells, we have examined the effect of Pi-starvation and recovery on the carbohydrate metabolism, including the PP pathway (Li and Ashihara, 1990; Nagano and Ashihara, 1993) . A synchronous cell division system of C. roseus was originally established using the double phosphate-starvation method (Amino et al., 1983) , and a simpler phosphate-starvation system was used in our previous studies (Yin et al., 2007) . In the present study, we used this same system for the culture of A. thaliana and obtained almost the same response of Pi-deficiency and recovery.
In C. roseus cells, we found that the ratio of the production of 14 CO 2 from [6-14 C]glucose and from [1-14 C]glucose (i. e., C6 / C1 ratio) was extremely low in the Pi-starved cells (0.35), compared with the ratio for 1.25 mm Pi-fed cells (0.67) (Nagano and Ashihara, 1993) . In Pi-starved cells, the enhanced operation of the PP pathway for the catabolism of carbohydrate may contribute to the supply of NADPH for enhancement of the secondary metabolism. Accumulation of phenolic compounds has been found in Pi-starved C. roseus cells (Ukaji and Ashihara, 1986) . Specific isoforms of AtG6-PD5 for G6PDH, and possibly At6PG2 or At6-PGD3 for 6PGDH, may be related to the operation of the PP pathway in Pi-starved cells.
In contrast to the secondary metabolism, such as caffeine biosynthesis (Li et al., 2008) , control of the PP pathway activity is not simply performed at the transcriptional level. Several isoforms of G6PDH and 6PGDH seem to act as constitutive enzymes; the activity of these enzymes may be strictly regulated according to cellular requirements of reducing power and building blocks for biosynthesis. Plastid isoforms are involved in the modification of the carbohydrate metabolism in dark-light environment. Control is mainly executed by fine tuning of the enzyme activity by the NADPH / NADP + ratio and feedback inhibition of some metabolites. For the plastid isoforms, redox modification of the cysteine residues of the enzymes is also involved in regulation.
